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Abstract—Energy model of formation of multiwall nanoscrolls from thin layers has been proposed. The three 
major factors favoring the scrolling are dimensional mismatch of the crystal lattices forming the bilayer, 
difference of the surface energy at the bilayer sides, and the interaction between the bilayers. Optimal cross-
section geometry of the finite-length nanoscrolls with chrysotile structure has been simulated. Effects of the 
Young’s modulus, specific surface energy, and adhesion energy on the nanoscroll morphology have been 
considered. 
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The ability to spontaneously form tubular particles 
has been recognized as a characteristic feature of many 
layered substances including quasi-2D crystal lattices 
of molybdenum and tungsten disulfides [1], vanadium 
oxide [2–4], hydrosilicates of chrysotile, halloysite, 
and imogolite types [5–15], etc [16–19]. The basic 
condition for formation of nanoscrolls based on such 
compounds is the absence of the symmetry plane in the 
precursor layer. The difference in the surface energy of 
the opposite sides of the layer and (in the case of the 
bilayer) the dimensional mismatch of the constituting 
polyhedral lattices act as the driving forces of the layer 
scrolling. These forces can be either co-directed or 
competitive. Generally speaking, the similar reasons 
result in the scrolling of, non-monocrystalline artificial 
layers described, for instance, in [20–22]. Under-
standing of the features of formation and growth of the 
nanotubes and nanoscrolls is crucial for preparation of 
nanotubular structures. 

Formation of a single-wall nanotube and a nano-
scroll during bending of a thin bilayer plate (the 
nanotubulene being considered infinitely long) has 
been examined in [23] using the chrysotile-type 
magnesium hydrosilicate as an example. In practice, 
majority of the above-listed compounds form multi-
wall nanoscrolls of finite length [24]. In view of this, 
the present work extended the proposed model for the 

case of the formation of finite-length multiwall nano-
scroll and analyzed the influence of energy, mecha-
nical, and structural parameters on the product morphology. 

The assumptions made during the model derivation 
have been discussed in detail elsewhere [23]. Even 
though the layer scrolling could be accompanied by 
physical and chemical changes [25], hereafter we will 
only consider the process changing the morphology. 
Similarly to [23], the Young’s modulus, the specific 
surface energy, and the adhesion energy will be 
considered independent of the layer thickness and 
curvature. In the case of the multiwall tube the energy 
is calculated via summation over each of the bilayers; 
this seriously complicates the calculations in the case 
of a large number of the bilayers. Therefore, in this 
work we will exclusively consider the scroll geometry 
with the energy being determined via integration over 
the spiral length. 

In the case of the nanoscroll folding following the 
scheme in Fig. 1, the change of the total energy could 
be expressed as sum of three major components with 
respect to the amount of matter ν [Eq. (1)]: 
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                                       1 
               ΔЕ = — (ΔEd + ΔEs – Ua),                                 (1) 

                                       ν 

with ΔEd, change of the elastic energy; ΔEs, change of 
the surface energy; and Ua, energy of the interlayer 
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interaction appearing when the bilayer is scrolls for 
more than one turn. 

The change of the elastic energy is determined as 
the difference of the elastic energies of the scroll and 
the plane. The equations derived in [23] should have 
been modified to account for the finite size of the 
bilayer; that gave Eq. (2) for the elastic energy of the 
scroll. 

well, the integration limits corresponding to the area 
between the bilayers. 

The energy gain due to scrolling of the chrysotile-
type layer was calculated using the following limits 
and values of the parameters: the Young’s modulus of 
100 to 1000 GPa with characteristic value Y of                  
300 GPa [26–28], the Poisson’s ratio μ of 0.2, radius 
of the mechanically relaxed bilayer r0 of 8.8 nm [29], 
the bilayer thickness h of 0.4 nm, and the interlayer 
spacing t of 0.3 nm [24]. Specific surface energy of the 
interlayer interaction was varied from 0.001 to 0.1 J/m2. 
Specific surface energy of the brucite-type lattice of 
the [MgO6] octahedrons was varied from 0.001 to 2 J/m2. 
Specific surface energy of the pseudo hexagonal lattice 
of the [SiO4] tetrahedrons and the scroll faces was 
taken equal to 0.3 and 0.45 J/m2, respectively. 

Figure 2 displays the change of total energy ΔE(n) 
after scrolling of a square plate of 1 × 1 µm2. At the 
initial bending stage (n < 1), slight energy gain was 
observed due to relaxation of the inner stress. Scrolling 
by more than one turn results in steep decrease of the 
energy associated with the interaction between the 
bilayers. The ΔE(n) dependence revealed the energy 
minimum with certain parameters: the inner radius and 
the number of layers. Further scrolling was 
energetically unfavorable. 

In order to elucidate the effect of the scroll energy 
terms on the cross-section geometry, we varied the 
following model parameters: the Young’s modulus, 
specific surface energy of the outer layer, and specific 
energy of the interlayer interaction. The choice of the 
parameters was based on the experimentally observed 
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Fig. 1. Scheme of the finite-size bilayered nanoscroll 
formation. 

Fig. 2. Change of energy as function of the number of 
layers of the nanoscroll. 

Surface energy of the planar bilayer was calculated 
in the rectangles approximation for each of the six 
surfaces (Fig. 1). In the case of a scroll, the surface 
area is calculated via integration over the length of the 
corresponding spiral. Energy of the interlayer interac-
tion favors reducing of the surface energy; the former 
is calculated via integration over the spiral length as 

Here D = Yh3/[12(1 – μ2)], bending stiffness; Y, the 
Young’s modulus; h, the bilayer thickness; μ, the 
Poisson’s ratio; L2, the nanoscroll length; n, the  
number of layers; Δс2(φ) = [1/(rin + fφ) – 1/r0]2; rin, 
inner radius of the nanoscroll; f = (h + t)/2π, the 
Archimedean spiral constant; r0, radius of the 
mechanically unstressed bilayer; φ, the polar coordinate; 
F(φ) = √f 2 + (rin + fφ)2, length of the integration element. 

Elastic energy of the finite-size bilayer can be 
determined using Eq. (3), the L1 being the length in the 
direction of scrolling. 
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variations of the Young’s modulus [27, 28] and the 
changes of the surface energy or the interlayer inter-
action energy due to sorption of different species or 
deprotonation. 

Increase of the Young’s modulus (Fig. 3) resulted 
in the decrease of the inner radius approaching a 
certain constant limit, whereas the number of layers 
was increased. That allowed folding of the layer to 
arrange the maximum number of turns close to r0. 
Increase of specific surface energy at the side of the 
[MgO6] octahedrons lattice led to unscrolling (increase 
of the inner radius and decrease of the number of 
layers) (Fig. 4). Increase of the adhesion energy 
favored additional scrolling to maximize the area of 
the scroll located in the interlayer space. 

The model described in this work revealed the 
influence of structural and chemical factors as well as 
the synthesis conditions of formation of finite-length 
multiwall nanoscrolls including those of chrysotile 
type. The scrolling phenomenon could be represented 
as a consequence of three competing factors: the 
elastic energy tending to stabilize the nanoscroll at the 
curvature radius close to r0 with the lowest inner stress, 
the surface energy tending to reduce the surface area 
with the high excess energy, and the adhesion energy 
tending to increase the surface area accommodated 
inside the interlayer space. The presence of the scroll 
length L2 in the equations will allow further analysis of 
that competition influence on the scroll shape, of the 
recrystallization features, and of the patterns of the 
axial and radial growth. The derived energy-related 
approach is applicable for analysis of formation of 
nanoscrolls from thin layers. 
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